We employ transient absorption spectroscopy to record the absorption spectrum of photogenerated charge carriers in Cu 2 O.
Photochemical reduction of CO 2 has the potential to convert this greenhouse gas into clean fuels or value-added chemicals. As such, it can contribute significantly to both renewable energy generation and CO 2 mitigation. plotted in Fig. 3 , showing the decay dynamics on the micro-to second timescales. We note that we only observed significant long-lived signal amplitudes with relatively intense excitation densities, indicative of the presence of significantly fast (o10 ms) electron-hole recombination in these films. The presence of Na 2 SO 3 resulted in an increase in the amplitude of this Cu 2 O electron signal (Fig. 2) , although this effect is relatively minor, indicative of inefficient hole scavenging/fast recombination, and consistent with the expected band bending impeding access of photogenerated holes to the Cu 2 O surface (Fig. 1a) . The deposition of RuO x on the Cu 2 O surface results in a significant increase in the amplitude of the long-lived electron signal, independent of the presence of Na 2 SO 3 , and indicative of a more efficient reduction in fast electron-hole recombination losses. These results qualitatively suggest that RuO x deposition results in a significant increase in the yield of long-lived (4100 ms) Cu 2 O electrons. This is attributed to a reduction in fast electron-hole recombination losses due to formation of the inorganic junction, most probably due to hole transfer from Cu 2 O to RuO x , thereby increasing the spatial separation of electrons and holes and facilitating the photooxidation reaction by holes. The lack of absorption of RuO in the near IR region of the spectrum indicates that the increase in absorbance observed at 950 nm is not due to the reduction of RuO x by Cu 2 O photoexcited electrons, and therefore confirms our peak assignation. 17 We want to note that a Cu 2 O-Al:ZnO- (Fig. 4) ) and methane (o0.001 mmol g À1 h
À1
) were also observed in the Cu 2 O-RuO x sample during the reaction. Quantum yield measurements were carried out using a near monochromatic visible light 400 nm bandpass filter (Dl o 10 nm, filtered light output ca. 600 AE 40 mW cm
À2
). The apparent initial quantum yield for CO generation (20 min) for the Cu 2 ORuO x heterojunction was determined to be ca. 1.6%. It is also noted that the CO evolution rate is reduced after the first hour. These results can be explained in terms of the instability of Cu 2 O towards the presence of increasing amounts of SO 4 2À formed upon scavenging the holes by Na 2 SO 3 . 18 Another possible explanation for non-linear CO evolution could be the strong interaction between CO and Cu 2 O, which will result in lowered catalytic activity over time. 19 Studies to address this instability by using alternative hole scavengers and further modifying material protection layers are ongoing. RuO x has been reported to be able to either reduce or oxidize water, 6d,20 but is unable to reduce CO 2 due to its work function being more positive than the E red (CO 2 /CO) reduction potential. We did not observe any water oxidation and oxygen evolution upon the addition of RuO x , as holes are preferentially scavenged by Na 2 SO 3 . Thus, the increase in the CO 2 photoreduction yield is consistent with the efficient charge separation due to the inorganic heterojunction, where holes are transferred to RuO x and CO 2 reduction takes place at the surface of Cu 2 O. In order to provide evidence that the formation of CO is due to the photoreduction of CO 2 by Cu 2 O, three different control experiments were carried out: (1) traces of organic contaminants were removed by treating the aqueous suspension system under strong light irradiation without CO 2 until there was no increase in the CO or CO 2 amount as detected by gas chromatography before the photocatalytic measurements. (2) Control experiments under similar conditions but in the absence of photocatalyst, CO 2 or light, and irradiating the Cu 2 O with longer wavelength light (l 4 668 nm, much lower than Cu 2 O bandgap requirement) demonstrated that surface carbon gasification is not a major contributing factor (Fig. S5 , ESI †). (3) Gas chromatography -Mass spectrometry isotope labelling analysis showed the sole formation of 13 CO (m/z 29) (Fig. S6 , ESI †). These results strongly indicate that the CO observed by GC is due to photochemical reduction of CO 2 rather than from the reduction of organic contaminants present on the surface of Cu 2 O-RuO x .
Conclusions
In summary, we have assigned the transient absorption spectrum of Cu 2 O photoexcited electrons to appear at wavelength l 4 800 nm, and holes at l o 475 nm. In bare Cu 2 O films, the major loss pathway limiting their photocatalytic activity is the fast electron-hole recombination. Our results demonstrate that the Cu 2 O-RuO x heterojunction strategy is effective in partially suppressing this electron-hole recombination loss through the transfer of photogenerated holes from Cu 2 O to RuO x . This is shown by a significant increase in the yield of long-lived Cu 2 O electrons as observed by transient absorption spectroscopy. This electron yield and a lifetime increase is translated into a sixfold photocatalytic reaction increase by Cu 2 O-RuO x coupling in favour of CO 2 reduction.
